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INTRODUCTION
Motion perception and analysis of the surrounding environment play a vital role in helping us to act and interact appropriately in a dynamic world. These abilities allow us to predict threatening situations, can give important information about the behaviour of other creatures, as well as provide significant information for social interaction (Barrett et. al., 2005) . Motion perception can contribute to the perception of the three-dimensional shape of an object (Wallach and O'Connell, 1953; Sperling et al., 1989) , provide information about motion parallax and contribute to perceptual organisation when the visual information is structured by grouping principles such as the Gestalt principle of common fate (Palmer, 1999) .
One of the most intriguing categories of motion analysis is the movement of a living organism. Swedish psychophysicist Gunnar Johansson (1973) was the first who noticed that it was sufficient to demonstrate only the movement of the major joints in order to perceive motion of the whole body. By adding patches of retroreflective material to the main joints of a human, recording the activities and turning contrast of the video material to maximum, he demonstrated that observers are capable of identifying the nature of movement immediately even in the case when no additional information about the shape of the body is given. Furthermore, it is possible to not only perceive motion from a limited amount of visual information, but also recognise a familiar person, discriminate the direction of the movement as well as different characteristics of the object including gender, mood and emotions Kozlowski and Cutting, 1977; Clarke et al., 2005; McKay et al., 2006; Blake and Schiffrar, 2007; Atkinson, 2009; Nackaerts et al., 2012) . Johansson (1973) also demonstrated that a reduced number of dots can still create the perception of biological motion even when only the points corresponding to the legs and hips are visible. As demonstrated by Mather et al. (1992) observers are even capable of detecting motion direction when an object is formed of a reduced number of points, however these points must include wrists and ankles. Biological motion can also be perceived when the joints for demonstration are chosen randomly and during one gait cycle all of them are presented, but in different time periods, which demonstrates the sensitivity of human visual system to other human motion (Neri et al., 1998; Beintema and Lappe, 2002) .
The perception of biological motion is a complex process that involves the analysis of low-level features, such as speed and motion trajectory of every single dot (local information), as well as high-level features that analyse the whole body as a unity and assigns a certain meaning to it (global information analysis) (see discussion by Thornthon et al., 2002) . However, the extent to which the local and global information analysis contribute to perception of biological motion is not entirely clear. According to studies that analysed the perception of a biological object in conditions of visual motion noise, it is not possible to recognise a biological object by only analysing the low-level motion trajectories of isolated dots. When demonstrating a pointlight-walker embedded in motion noise, consisting of dots with the same physical properties (including dot size, motion trajectories, etc.) as the dots forming the biological object and thus preserving the local motion information, the observer is still capable of distinguishing between the object of biological motion and the noise, by using the information about the whole structure of the object (Cutting et al., 1988; Bertenhal and Pinto, 1994; Giese and Lappe, 2002; Ikeda et al., 2005; Freire et al., 2006; Schouten et al., 2013) .
On the other hand, although sufficient for biological motion perception, global motion analysis alone cannot give full information about all the characteristics of the point-light walker. The role of local informational analysis in biological motion perception has been demonstrated in walking direction and gender discrimination tasks: information about motion direction is carried by feet motion (Troje and Westhoff, 2006; Wang et al., 2014) and the information about gender is carried by the local information of hips and shoulders Barclay et al., 1978; Mather and Murdoch, 1994) .
The current study addresses the perception of biological motion in the central and peripheral visual fields, analysing what processes determine the accurate perception of a point-light walker. When analysing the perceptual processes in the periphery, it is needed to take into account the physiological fact that with increasing eccentricity, the sensitivity to detailed information is decreasing because of differences in retinal cone cell density, the proportion of lateral geniculate nucleus cells per one ganglion cell, as well as the number of striate cells for every projection from fovea (Duncan and Boynton, 2003) . However, the perception of some processes can be equalised in central and peripheral visual fields, only by using stimulus magnification, i.e. improving task performance in the peripheral visual field and equalising it to performance in central visual field, by only increasing the stimulus size.
Stimulus magnification has been demonstrated to be sufficient for compensating the reduced performance in visual field periphery in the case of visual acuity (Boyton and Duncan, 2002) , orientation discrimination (Sally and Gurnsey 2003) , letter recognition (Higgins et al., 1996) , contrast sensitivity (Rovamo et al., 1978) , and even perceptual grouping (Tannazzo et al., 2014) . However, at other times stimulus magnification alone is not sufficient for compensating the reduced performance, e.g., in the case of face recognition (Makela et al., 2001 ) and reading speed (Chung et al., 1998) , indicating that the central visual field is more specialised in analysing more specific and detailed information of our environment.
It might seem that in the case of motion analysis, the peripheral visual field should be more sensitive and specialised in analysing different motion stimuli, since the M ganglion cells forming the magnocellular pathway are more distributed in the peripheral retina than in fovea (Meissirel et al., 1997) . However, all of the previously mentioned factors (cortical magnification, retinal cell density, etc.) that influence object perception in the central visual field can decrease performance in the periphery.
In a comprehensive review on peripheral motion perception (Finlay, 1982) it is argued that the central visual field is in general more precise regarding motion analysis, e.g. when detecting a just a noticeable object displacement, as well as the differences between velocities or analysing the lowest perceptible velocity thresholds. McKee and Nakayama (1984) demonstrated similar results and concluded that even in the case of stimulus magnification the threshold value for differential motion detection did not reach the same level in the peripheral visual field as it did in the central visual field. However, there are cases when the opposite can also be observed, e.g., the peripheral visual field is more efficient in detecting movement of stimuli with higher velocities (Finlay, 1982; Lappin et al., 2009) . Hence, it seems that there are differences between motion perception in central and peripheral visual fields. Furthermore, the central visual field is more specialised for perception of accurate, slow movements whereas the peripheral visual field shows better results when an object is moving with higher velocities (Wurbs et al., 2013) .
It is clear that, similarly to simple motion, the analysis of biological motion in the peripheral visual field is affected by cortical magnification, size of the receptive fields and other factors determining functional differences between perceptual processes in central and peripheral visual fields. Analogously to the previously mentioned studies that analysed visual acuity, face perception, etc., studies analysing the sensitivity to biological motion also use stimulus magnification (Ikeda et al., 2005; Gurnsey et al., 2008; 2010) . However, the results of these studies are quite ambiguous. Ikeda et al. (2005) described the eccentric perception of biological motion as "unscalably poor", showing that when the stimulus ass embedded in motion noise the discrimination of a point light walker from its scrambled version was more effective in the central visual field and stimulus magnification did not compensate for reduced performance in the peripheral visual field. On the other hand, Gurnsey et al. (2008) come to completely opposite results by analysing the facing direction of a biological object and demonstrated that increase in stimulus size equalised the performance in both central and peripheral visual fields. Although both of these studies used a similar experimental setup, their results and main conclusions seem to be entirely opposite. Gurnsey et al. (2008) argued that the differences might have been related to the fact that discriminating an object from motion noise (used by Ikeda et al., 2005) requires global perception of the whole body, and determining facing direction (without additional motion noise) is more related to local analysis of motion trajectories of the feet. Hence, the functional differences between these results were not due to differences in perception of biological motion but rather due to the reduced performance in element grouping or figureground discrimination in the peripheral visual field.
The current study was designed to determine the number of dots sufficient for biological object recognition, as well as assess processing of biological motion in the peripheral visual field without any motion noise. By randomly reducing the number of dots that represented a biological object we investigated whether the performance in discriminating the biological object from its scrambled version could be compensated by stimulus magnification.
MATERIALS AND METHODS
Eight participants (one male, seven female, aged 21-25 years) participated in the study. All subjects had normal or corrected-to-normal vision and reported no eye pathologies that they were aware of.
The study was approved by the Ethics Committee of Experimental and Clinical Medical Institute, University of Latvia. All participants gave their written consent for participation in the experiment.
Stimuli. The stimuli were generated from the action database developed by Vanrie and Verfaillie (2004) . The database contains spatial coordinates of point-light walkers for generation of customised biological motion stimuli. The participants were presented with either a point light walker (Fig. 1A ) heading in one of five different directions (0 degrees, 90 degrees left or right, 45 degrees left or right) or with a scrambled version of biological motion (Fig. 1B) . The points of the scrambled version were the same size as the points forming point light walker and were moving along the same trajectory and with the same speed as randomly chosen points of one of the five point-light walkers. However, in the case of the scrambled version the positions of all points were changed and the points were randomly distributed within an area of the same size as used for biological motion demonstration. The starting phase of every point in the scrambled version was randomised and point movement was inverted (taken from the inverted (upsidedown) versions of point light walkers facing in either of five directions of the walkers). Upside-down versions were chosen in order to avoid situations when randomly selected dots in the scrambled version could accidentally form an object similar to a point-light walker. All stimuli were expressed as moving red dots (luminance 45 cd/m 2 ) on a white background (luminance 193 cd/m 2 ).
Procedure. The stimuli were presented on a computer screen (iiyama ProLite T2253MTS, 22", 1920 × 1080 pixels, Refresh rate 60Hz). The distance to the screen was 60 centimetres and the visual angle of the screen was 24 degrees vertically and 38 degrees horizontally. Participants viewed the screen binocularly. Every stimulus performed only one full gait cycle (30 frames demonstrated in 1 second). After the presentation of the cycle, the stimulus disappeared and only a fixation cross remained, either at the centre of the screen or displaced to the left side. The biological object was always demonstrated in the centre of the screen and the participants were instructed to fix their gaze on the fixation cross during the experiment. Eccentricity was defined as the angular distance between the centre of fixation cross and the centre of a point light walker.
After presentation of a stimulus, participants were told to answer whether they had perceived a point-light walker and press "Y" when had seen it or "N" when did not see a point-light walker on the screen. If unsure, the participants were told to make a guess. Depending on response accuracy, every next point-light walker or scrambled version was generated with either more, fewer or the same number of points. The complete version of point-light walkers consisted of 13 points, and based on the responses, the number of points representing the object could be reduced down to 1 point. The choice of which dot was removed was random.
The stimulus presentation sequence was generated based on the adaptive staircase block up-down temporal interval forced-choice method BUDTIF (Campbell and Lacky, 1968; Levitt, 1971) . The threshold probability for detecting a walker was 84.1% of the observers' psychometric function. Every block of trials consisted of four stimuli of the same level. In the case of four consecutive correct answers (100% accuracy) the number of dots representing the point-light walker was reduced in the following block of stimuli. If at least one of four answers (0-75% accuracy) was incorrect, the number of dots in the following block was increased. The stimulus level at the start of experiment was 13 points (complete version of a point-light walker). The initial step size in each run was 3 points. After the first three reversals, the step size was switched to 2 points, and after the following three reversals, the step size was switched to 1 point. A step size of 1 point was kept constant for the rest of experiment (six more reversals). The threshold value was calculated as the median number of dots in the last six reversals. All participants performed the task ten times.
The size of the stimulus was 1, 2, 4, 8, 16 or 20 degrees and the object was presented in the central visual field and at three different eccentricities: 4, 8, and 15 degrees. Object size and chosen eccentricities were similar to parameters used in Ikeda et al. (2005) and Gurnsey et al. (2008) . Point size was scaled proportionally to the object size. The size of one point for the largest stimulus (20 degrees) was 2 millimetres (0.2 degrees), which corresponds to the smallest resolvable detail for visual acuity 0.08. Since the average visual acuity at 15 degrees eccentricity is 0.15 (Kalloniatis and Luu, 2005) , the chosen stimulus was large enough to be analysed in detail. The threshold value representing the number of dots sufficient for biological motion perception was determined for every participant with every stimulus size in every eccentricity.
RESULTS
The average results for all eight participants are demonstrated in Figure 2 (error bars represent the standard error of the mean value). The threshold value for biological motion perception ranged from 3 to 7 dots, with mean value 4.7 ± 0.1 dots, demonstrating that 5 dots were sufficient for perception of biological motion of a point light walker. Task performance decreased in the case of eccentric demonstration, and increased with the size of stimuli. Regarding the smallest threshold values at each eccentricity, we observed that in the case of 4 degree eccentricity, all eight participants were able to reach the same threshold level as in the central visual field. At greater eccentricities the proportion of participants reaching the best performance decreased, and at 8 and 15 degree eccentricities the same threshold value as for the central visual field was reached only by 63% and 50% of the participants. However, the difference between the best threshold values reached in the central visual field and at eccentricities did not exceed 1 point.
A two-way repeated measures ANOVA was conducted to evaluate the impact of stimulus size (1, 2, 4, 8, 16 , and 20 degrees) and eccentricity (0, 4, 8, and 15 degrees) and the interaction between stimulus size and the eccentricity on the number of dots sufficient for biological motion perception. Since the Mauchly's Test of Sphericity indicated that the assumption of sphericity was violated for both the eccentricity (c2 (5) To evaluate whether size scaling can compensate for reduced performance on the peripheral visual field, a one-way ANOVA test was performed separately for each stimulus size to test significant differences between the eccentricities. The significance levels for multiple comparisons were adjusted with the Bonferroni method (0.008). As expected, when using smaller stimulus sizes the performance on the peripheral visual field was impaired, shown by significant differences at various eccentricities: for stimulus sizes 1 degree (F (3.28) = 54.6841, p < 0.008), 2 degrees (F(3.28) = 116.0684, p < 0.008), 4 degrees (F(3.28) = 14.3415, p < 0.008) and 8 degrees (F(3.28) = 6.6314, p < 0.008). At stimulus size was of 16 degrees, there was no significant difference between eccentricities (F(3.28) = 0.9799, p = 0.42). At stimulus size 20 degrees, the performance slightly declined, but the difference was not significant (F(3.28) = 1.8841, p = 0.16). The results clearly demonstrated that a sufficient object scaling can compensate for reduced performance on the peripheral visual field. Johansson (1973) was the first to introduce the term "biological motion", by showing that it is sufficient to demonstrate only the motion of the major joints in order to spontaneously achieve a clear impression of a human being and the actions the person is performing. Furthermore, his results demonstrated that the recognition of biological motion is possible when only 5 points corresponding to the lower part of the body are demonstrated (hips, knees, and feet). Mather et al. (1992) demonstrated that biological motion direction can still be determined when the object is formed of 8 dots. However, performance significantly declined worse when dots corresponding to wrists and ankles were removed; in all other cases performance was close to the full object version. Beintema and Lappe (2002) also used an experimental setup with a reduced number of dots corresponding to major joints of the human body. Each frame consisted of 1, 2, 4, or 8 dots and the chosen limb or limbs for demonstration was kept constant for a limited number of frames (after which a different limb was demonstrated). They concluded that in the case when a larger number of sequentially demonstrated frames contained information about the motion of 1 or 2 limbs, the performance deteriorated and was near chance-level. Performance was nearly constant regardless of the number of frames, when the stimulus contained at least 4 points. However, since the 4 dots representing the object were sequentially switched to other limbs, the participants were still able to grasp the whole information about the object structure.
DISCUSSION
Although previous studies demonstrated that biological motion perception is possible even when a point-light walker is formed of a reduced number of dots and that local information analysis about feet motion plays a crucial role in direction discrimination tasks, there is still discussion regarding the minimal number of dots sufficient for biological motion detection. By randomly reducing the number of dots representing the point-light walker, we determined the minimal number of elements sufficient for biological motion perception. The results from eight participants demonstrated that the average threshold value for object recognition is almost 5 (4.7 ± 0.1) points. As suggested by Giese (2015) , our neural system combines information from different informative cues and uses both local form and motion features to perceive a global configuration of a human body. It has been well established that perceptual grouping by similarity (Hunt and Halper, 2008) and possibly also by common fate play crucial roles in biological motion perception. The current study demonstrated that the number of necessary elements for recognition of biological motion is relatively small, one again emphasising our high sensitivity to information on biological motion stimuli. Additionally, we hypothesise that another factor supporting sensitivity to motion information is the reaction to a coherent pattern representing a motion event; this seems to be plausible because normally motion and spatial perception in the visual field is connected with goal-oriented action in perceptual interpretation of stimuli (Johansson et al., 1980; Zacks et al., 2011) .
In the current study we also determined, whether the number of dots sufficient for biological motion is similar in the central and peripheral visual field. The experimental setup of our study was similar to that used by Ikeda et al. (2005) and Gurnsey et al. (2008; 2010) , meaning that the size of the point-light walkers and the chosen eccentricities for demonstrating the stimulus in near the periphery, were similar.
As expected, task performance deteriorated when the stimulus was presented eccentrically, but performance was improved by increasing the stimulus dimensions. Similarly to the results by Gurnsey et al. (2008; 2010) our study showed that stimulus magnification indeed can compensate for the reduced performance in eccentric viewing, leading to similar results in central and peripheral visual fields. However, using a similar experimental setup where the participants had to discriminate between biological motion and its scrambled version, Ikeda et al. (2005) concluded that stimulus magnification cannot compensate for the reduced performance in periphery. We tend to agree with Thompson et al. (2007) that there might be differences in processes that provide figure-ground discrimination in central and peripheral visual fields, i.e. difficulties in segregation of the biological object from the surrounding visual noise (used by Ikeda et al. (2005) , but not by Thompson et al. (2007) ). Furthermore, these differences might apply not only to figure-ground discrimination, but also to other visual tasks (perceptual grouping, motion detection, etc.). Studies analysing figure-ground discrimination and the effects of crowding for patients with age-related macular degeneration (AMD) demonstrated that these patients performed worse than normally sighted subjects in tasks where they had to detect a target demonstrated either on white or related/unrelated background (Tran et al., 2011) . Since the central vision for patients with AMD is often distorted and they have to rely on eccentric information perception, the reduced performance for these patients indeed can be related to different performance of figure-ground discrimination in central and peripheral visual fields, which is also crucial in global processes in biological motion perception.
We also have to bear in mind that all previously mentioned biological motion studies (including ours) in the peripheral visual field require that participants observe the stimuli binocularly. However, one needs to consider that the level of binocular summation declines toward the visual field periphery (Zlatkova et al., 2001) , suggesting that binocular viewing of a centrally demonstrated stimuli can be more precise due to the neural summation of the visual information. Hence, in order to properly determine whether the central visual field is specialised for any visual information analysis (perceptual grouping, motion perception, face perception etc.), the task should be performed monocularly, by occluding one (usually the non-dominant) eye.
CONCLUSIONS
The current study explored the perception of biological motion in central and peripheral visual fields. The results indicate that the number of dots sufficient for biological motion perception is approximately 5 (4.7 ± 0.1). The significance of certain dots or combinations of dots might lead to better performance that using others. In the current study every task level was performed ten times. This not only improved measurement sensitivity (the standard deviation of results for each participant in the central visual field did not exceed 1 point), but also suggests that random combinations of dots can support such performance. Of course, the current study could be extended by analysing the significance of certain dots or combinations not only in tasks of specific information analysis (direction, gender etc.), but also in simple biological motion recognition.
We observed that in the case of no visual noise, the perception of biological motion in the central visual field and near periphery can be similar in cases where stimuli are magnified. As demonstrated by Ikeda et al. (2005) and Tran et al. (2011) , task performance in certain figure-ground discrimination tasks deteriorates towards the periphery. However, more studies are needed to generalise these conclusions. The next study that we have undertaken is to analyse the tasks of figure-ground discrimination not only for biological motion perception, but also for perceptual grouping and simple translation motion analysis when the stimuli are embedded in visual noise.
